EEEEEEEE
EEEEEEEEE
NNNNNNNN
AAAAAAAAAA

UCRL-JRNL-210299

Crystal stability and equation of
state for americium: theory

P. Soderlind, A. Landa

March 8, 2005

Physical Review B



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



Crystal stability and equation of state for americium: theory

P. Soéderlind and A. Landa
Lawrence Livermore National Laboratory,
University of California, P.O. Box 808, Livermore, CA 94550
(Dated: March 8, 2005)

Abstract

Density-functional electronic-structure calculations for americium metal concur with the recent
reinterpretation of its high pressure phases (AmlIl and AmIV). The pressure-induced increased
dominance of 5 f-electron bonding (delocalization) is well described by electronic-structure calcu-
lations when electron spin and orbital correlations are considered. Also the calculated equation of
state (EOS) agrees with experimental findings to a degree typically found for simpler metals. Am
is known to adopt low symmetry crystal structures at 10 GPa (AmIII: face-centered orthorhombic)
and 16 GPa (AmIV: primitive orthorhombic). These transitions are reproduced by theory with a
remarkable accuracy (11 and 16 GPa). At higher compression (60%) theory predicts a new bec
phase, AmV, to be stable. We argue that the Aml phase is stabilized by contributions from the
d shell to the cohesion whereas all other phases follow from 5 f-electron bonding. AmIV has often
been associated with the face-centered orthorhombic a-U phase, which was its original interpreta-
tion. We show that AmIV is in fact closely related to the a-Np structure which is of the same type
(primitive orthorhombic). This distinction is important and explain the believed discord between

theory and experiment for AmIV in the past.

PACS numbers: 64.30.+t,64.70.Kb,71.20



I. INTRODUCTION

The physics of the actinide metals is challenging both experimentally and theoretically.
Many of their physical properties depend largely on the 5f electrons contribution to the
chemical bonding. The 5 f-electron states form narrow bands close to the Fermi level which
provide an inherently unstable situation. Consequently, external parameters such as pressure
and temperature, as well as chemical alloying, can have a substantial influence on the prop-
erties of the actinides. The early actinides, Th-Pu, have a parabolic volume decrease with
atomic number while at the same time condensing in increasingly complex structures. The
atomic density reflects the integrated attractive bond contribution from the 5f electrons,
whereas the condensed crystal is much more sensitive to details of the electronic structure.
The structures have low symmetry because the 5f bands are pushed to unfavorable high
and often degenerate energy levels when confined to high symmetry configurations.! In the
heavier actinides, Am and on, the 5f bands are sufficiently narrow that their small mutual
overlap poses a negligible influence on both atomic density and crystal structure. Applied
pressure will eventually increase this overlap and changes in the atomic density and crys-
tal structure are expected to occur. This scenario has its analog in the rare-earth metal

123 and theoretical* studies have been

series and one example is Pr for which experimenta
presented.

For americium, several experimental studies have focused on the structural behavior
under pressure.” 1% They all agree that AmI and AmII are double hexagonal close-packed
(dhcp) and face-centered cubic (fcc), respectively, but the transition pressures as well as the
structural assignments of AmIIT and AmIV have been controversial and confusing.!" For
instance, AmIII was suggested to be monoclinic and AmIV the face-centered orthorhombic
(a-U) phase. Both these assignments were, however, later ruled out by first-principles
theoretical predictions.'' Tnstead possible candidates for the AmIV phase were suggested
to be either the a-Np structure (primitive orthorhombic (po) with the space group Pnma)
or the more complex a-Pu structure. Clearly, new experiments were needed to resolve the
situation, and the latest findings suggest an AmI — AmlI phase transition at 61 kbar, AmIII
to be a plutonium structure (y-Pu), i.e., a face-centered orthorhombic structure (fco) with
a space group Fddd, and AmIV to be a po.'? Although these measurements confirmed the
possibility of the Pnma structure (thus ruling out the a-U structure) for AmIV, suggested by



theory,'" the new AmIII phase was not foreseen in any earlier calculations. The experimental
study'? was limited to a highest pressure of 100 GPa (1 Mbar), but closer packed phases are
expected beyond this pressure. The present calculations address this possibility.

Sect. II deals with details of our calculations and Sect. IIT present the results. Finally

in Sect. IV and Sect. V we discuss our results and conclude.

II. COMPUTATIONAL DETAILS

The electronic structure and total energy are obtained from an all electron full-potential
linear muffin-tin orbitals method (FPLMTO). This implementation has been used exten-
sively and successfully for transition!® and actinide!* metals and allow for spin-orbit cou-
pling, spin, and orbital polarization in the customary ways.'”'7 The "full potential” refers
to the use of non-spherical contributions to the electron charge density and potential. This
is accomplished by expanding these in cubic harmonics inside non-overlapping muffin-tin
spheres and in a Fourier series in the interstitial region. We use two energy tails associated
with each basis orbital and for Am’s semi-core 6s, 6p, and valence 7s, 7Tp, 6d, and 5f states,
these pairs are different. Spherical harmonic expansions are carried out through [,,,,, = 6 for
the bases, potential, and charge density. For the electron exchange and correlation energy
functional, the generalized gradient approximation (GGA) is adopted.'

As complementary tools we have used the so-called exact muffin-tin orbitals (EMTO)
method as well as canonical band theory. The latter is simply an aid in guiding and analyzing
the more complex self-consistent all electron calculations. The canonical bands are obtained
from the canonical structure constants which are in turn derived from the LMTO method
in the atomic sphere approximation.'” The pure canonical band energies depend only on
the crystal structure, [ orbital quantum number, and the /-band occupation. These energies
are element independent and can be used to study crystal-structure stabilities and their
dependence on [-band occupation.

The calculations we have referred to as EMTO are performed using a fully relativistic
Green’s function technique based on the improved screened Korringa-Kohn-Rostoker (KKR)
method, where the one-electron potential is represented by optimized overlapping muffin-
tin (OOMT) potential spheres.?®?* Inside the potential spheres the potential is spherically

symmetric and it is constant between them. The radii of the potential spheres, the spher-



ical potentials inside them, and the constant value from the interstitial are determined by
minimizing (i) the deviation between the exact and overlapping potentials and (ii) the er-
rors coming from the overlap between spheres. Thus, the OOMT potential ensures a more
accurate description of the full potential compared to the conventional muffin-tin or non-
overlapping approach.

Within the EMTO formalism, the one-electron states are calculated ezxactly for the
OOMT potentials. As an output of the EMTO calculations, one can determine the
self-consistent Green’s function of the system and the complete, non-spherically symmet-
ric charge density. Finally, the total energy is calculated using the full charge den-
sity technique.?**® As in the case of the FPLMTO method, GGA is used for the ex-
change/correlation approximation. Spin-orbit coupling is taken into account exactly by
solving the 4-component Dirac equation.?® The EMTO calculations are performed for a ba-
sis set including valence spdf orbitals and the semi-core 6p state whereas the core states were
recalculated at each iteration.

Integration over the irreducible wedge of the Brillouin zone (IBZ) is performed using
the special k-point method?” for both FPLMTO and EMTO. We used about 200 or more
k points in the IBZ for all structures, except for the more complex (16 atoms/cell) a-Pu
structure (16 k points).

All phases are assumed to be best described within an anti-ferromagnetic (AF) spin
configuration with a total spin and orbital moment equal to zero. Test calculations for other
spin configurations confirm this to give the lowest total energy, similar to the situation in
Pu.?® For dhcp (Aml) the spins are anti-parallel in the ABAC layers with the direction along
the z-axis. The fcc phase (Amll) is set up as a super-cell with six atoms in a hexagonal
cell, layered as ABCABC and anti-parallel spins in each layer. AmIII can be described with
two atoms in a primitive cell of the fco unit cell. These two atoms have anti-parallel spins
directed orthogonal to their respective plane. The po AmIV structure has 4 atoms/cell
and again the spins are aligned anti-parallel. The monoclinic a-Pu structure, previously

11,29 45 assumed to have the spin configuration

suggested theoretically as the AmIV phase
that is known to give the lowest total energy®® for plutonium. For compressions where the
bee phase is found to be relevant, any spin polarization is completely suppressed.

The EOS for the respective phase is obtained from a fit of the total energies to a Mur-

naghan form.?' Transition pressures are obtained numerically by fitting the total energies,



close to the transition, to a 4th degree polynomial and analytically differentiate this to ob-
tain the pressure and the free energy. The transition is defined to occur when the Gibbs

free energy

G=E+PV-TS=H-TS5

for the phases intersect. The present calculations are subject to the Born-Oppenheimer

approximation and are strictly valid at zero temperature (T=0).

III. RESULTS

Let us first address the ground-state phase of Am. Total energy calculations for the dhep
and fcc crystal structures reveal that theory is unable to distinguish between these two phases
at ambient pressure. Fig. 1 shows that the total energy difference between dhcep and fec is
within error margin of the numerical calculation (often assumed to be about 1 mRy/atom).
Hence, no reliable transition pressure between these two phases can be determined from the
present calculations. It becomes clear, however, that compression is gradually stabilizing
the fcc over the dhep phase in accordance with the experimental phase diagram. The dhcp
phase in Am has been argued to be stabilized by d-band contribution to the chemical bond,"’
similar to the rare-earth elements,*” and we will discuss this further in Sect. TV.

Next, in Fig. 2, we focus on the stability of the AmII, AmIII, and AmIV phases and
also compare with the monoclinic a-Pu phase. Clearly, the monoclinic phase is not stable
compared to the recently established fco (AmIII) and po (AmIV) phases. It should be noted
that the a-U structure is much higher in energy, thus very unstable, compared to any of the
phases in Fig. 2. In this figure we also mark the calculated transitions AmIl — AmIIT at
107 kbar and AmIIT — AmIV at 158 kbar, in agreement with the latest experimental data
of 100 and 160 kbar, respectively.'?

The AmIIT phase is interestingly the same structure as the v-Pu structure. It was recently
shown?® that density-functional theory could accurately account for all known Pu phases,
with the total energy of the ¢ (bce) phase being somewhat high. This could only be achieved
when spin and orbital correlations were included in the model.?® Therefore it is no surprise
that this is the case also for AmIIl. For AmIV, on the other hand, the spin moment is
essentially quenched. The AmIl — AmIIT and AmIIl — AmlIV transitions are sensitive

to relaxation effects of the AmIII structure. In Fig. 3 the relaxed axial ratios of AmIII is



plotted as function of the atomic volume, together with experimental data.'? Notice that the
quantitative behaviors of b/a and ¢/a compare well between theory and experiment. The
b/a shows a relatively strong decrease with compression while the ¢/a is weakly increasing.
By analyzing the electrostatic (Madelung) energies associated with these variations (not
shown) it is clear that the lattice is increasingly distorted (farther from close-packed) with
increasing compression. This is reasonable because the next phase (AmlIV) is in this sense
even more distorted.

The AmIV phase, now established by both experiment and theory, is not in discord with
the previous calculations''?? because it is close to the a-Np structure which was determined
as a particularly favorable phase in Am under the pressure. In Fig. 4 the AmIV unit cell
(a) is almost identical to the a-Np unit cell (b), with a doubling of the AmIV cell along the
z-axis. This way 4 and 8 atoms constitute the AmIV and the a-Np cell, respectively. If also
the conventions of = and y axis are exchanged, and the repeat of the cell along the z axis
is accounted for, the b/a and ¢/a axial ratios of the a-Np are close to those of the AmIV
phase. The a-U structure has, however, significantly different axial ratios, compare Table
[. These ratios remained nearly constant during the compression as calculated relaxation
effects are very small in AmIV.

In Fig. 5 we show the computed EOS for AmII-AmIV together with the most recent
available data'? for AmI-AmIV. The theoretical EOS for AmI and AmlII are practically
indistinguishable at lower pressures, as mentioned, and therefore AmlI is left out of the
plot for clarity. Vy is the ambient pressure atomic volume of the Aml phase and the same
number (29.3 AS) is used for both theory and experiment. Notice that our parameter-free
theory appears to agree with measured data, within experimental scatter, for AmII and
AmIV. Also the unrelaxed calculation of AmIIT compares very well with experimental data.
The calculations for which the b/a and ¢/a axial ratios are relaxed show smaller volumes
and an EOS that continuously matches onto the AmIV phase. This does not agree well
with experiment and we believe that the distortion might be somewhat exaggerated in
the calculations as perhaps also Fig. 3 suggests. For comparison we also performed EOS
calculations in Fig. 6 for these phases by means of the EMTO method. These compares
well with FPLMTO and measured data up to about 200 kbar. Beyond this pressure the
EMTO calculations begin to deviate from experiment and we believe that the definition of

the 6s state as a core state is breaking down at this point. Nevertheless, the EMTO is viable



at lower pressures and has the advantage of a very sophisticated treatment of the effect of
alloying.?*

The AmIV phase has been shown to be stable up to 1 Mbar (100 GPa) in the most recent
experiments. Without a doubt, there must be a higher symmetry phase eventually stable
in Am at sufficiently high compressions. Theoretical calculations® predicted some time ago
that Th, Pa, U, Np, and Pu will crystallize in the hcp, hep, bee, bee, and bece structures,
respectively. The reason is that the symmetry breaking mechanism that favors low sym-
metry structures will become less important as the 5f bands broaden! under compression.
This, combined with the fact that electrostatic forces moves the atoms to higher symmetry
positions, ensures a closer packed structure at high pressures. Canonical band theory, Sect.
IV, suggests that bce is a realistic high pressure phase in Am and we therefore completed
calculations also for this phase. In Fig. 7 the energy difference between the AmIV and the
bee structures are plotted as a function of the atomic volume. At about 12 A? (60% com-
pression) bcc is stable over the AmIV phase. This is a transition from a very low symmetry
to a very high symmetry structure which suggests that there might exist an intermediate

phase, but none has yet been foreseen by theory.

IV. DISCUSSION

In the previous section we showed that the energies of the dhcp and the fce phases were
practically indistinguishable by theory. It is no argument experimentally, however, that dhcp
is stable to about 60 kbar. This implies that dhcp Am should have a distinct but slightly
lower energy than fcc Am at ambient pressure, which is not the case in the calculations.
The present theory is unable to completely localize the 5f electrons and hence fully remove
them from participating in the cohesion. The bonding is, however, substantially reduced by
the fact that Am almost completely spin polarize in the calculations, see Fig. 8. Still this
fact may explain why the dhcp and fce Am have essentially degenerate total energies. To
investigate this we have applied canonical band theory!® to try and assess the individual d-
and f-electron contribution to the fcc and dhep stability in Am. The contributions from
the diffuse s and p electrons are assumed to be negligible. In Fig. 9 we show the dhcp—fee
canonical energy difference for the d electrons. Notice that the d occupation of Am (~ 1.5)

favor dhcp over fce, in analogy to the trans-cerium rare-earth metals.? This corresponds to



a situation where the 5f electrons are fully removed from the bonding as is believed to be
the case in Am, and the rare-earths, at ambient pressure.

Next, we plot the dhcp—fcc and bec—fee canonical energy differences for the f electrons
in Fig. 10. We remember that the 5f band is spin polarized (Fig. 8) with about 6.6
spin up and 0.2 spin down electrons. The spin up/down f band can hold a maximum of 7
electrons, i.e., the spin up band is close to full and the spin down band nearly empty. For
a spin degenerate band (holds 14 electrons) these occupations corresponds to 13.2 and 0.4,
respectively. For these two occupations, marked in Fig. 10 with arrows, the canonical band
theory suggests that fcc is stable with a small margin over dhcp. Hence, it seems plausible
that the small amount of 5f contribution in our theoretical model of the ground-state of
Am artificially favors fcc over dhep such that, when the d contribution is included, their
energies are degenerate. It is important to note that this implies that the fcc (AmlII) phase
is the first signal of 5 f-electron involvement in the Am phase diagram.

Lastly, in Fig. 10 we focus on the bece—fee canonical energy difference. The expected 5 f
occupation at high compression, where the spin is quenched, is about 6.7 and is marked in
the figure. For this population of the canonical 5f band, the bce phase is strongly favorable

over the fcc phase and bee therefore emerges as a possible high pressure phase in Am.

V. CONCLUSION

To summarize, we have investigated EOS and structural stability in Am metal up to Mbar
pressure at ambient temperature. These calculations support the phase diagram recently
reported.!? In particular, theory for the AmIT — AmIIT and AmIIT — AmIV transitions
agree very well with measured data. Hence, the confusion in the literature regarding the
AmIV phase seems to be resolved. Theory also predicts a new bce phase to be stable at
about 60% compression, yet to be confirmed by experiments. Analyzing the individual d-
and f-electron contributions to the phase stability of Am suggests that all phases, except

AmlI, have 5f electron involvement.
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FIG. 1: FPLMTO total energies (mRy/atom) for dhcp (Aml) and fecc (Amll) americium. Their

energy difference at equilibrium, AE, is about 0.1 mRy/atom.

FIG. 2: FPLMTO total energy calculations (mRy/atom) for fcc (Amll), fco (AmlIl), po (AmlV),

and monoclinic (a-Pu) americium.

FIG. 3: Calculated and measured'? b/a and ¢/a axial ratios of AmIII.

FIG. 4: The AmIV (a) and a-Np (b) structures. The AmIV cell is here repeated along the z

direction to enable a direct comparison.

FIG. 5: FPLMTO and measured!? EOS for Am. The symbols and lines represent the experimental
data and theory, respectively. The dashed (fco) line corresponds to calculations where the axial

ratios are allowed to relax. Vg is the ambient pressure volume of Am, 29.3 A3,

FIG. 6: EMTO EOS for Am compared to experimental data.'? The symbols and lines represent

the experimental data and theory, respectively. Vy is the ambient pressure volume of Am, 29.3 A3,

FIG. 7: AmIV — bce calculated total energy difference in mRy/atom. Bec becomes stable over
AmIV at about 12 A3,

FIG. 8: Calculated DOS (states/eV/atom) for dhcp Am (Aml). The Fermi level is at zero Energy.
Notice that the 5f spin-up band is nearly filled and the 5f spin-down band nearly empty. The s,

p, and 6d DOS are all small, compared to the 5f DOS, in the vicinity of the Fermi level.

FI1G. 9: Canonical d-band energy differences for dhcp relative to the fcc structure. The ambient

pressure d-band population is marked by a vertical line.

FI1G. 10: Canonical f-band energy differences for the dhcp and bcee structures, relative to the fec
structure. The vertical arrows show the location of the spin up (13.2) and down (0.4) 5 f occupations

in Am at ambient pressure and the 5f, spin-degenerate, population (6.7) at high compression.
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Tables

TABLE I: Axial ratios of AmIV, a-Np (primitive orthorhombic), and a-U (face-centered or-

thorhombic) at about 18 A3,

Phase b/a c/a
AmlV 0.92 0.60
a-Np 0.96 0.68
a-U 0.84 0.48
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